Even though the importance of sharing data is frequently discussed, data sharing appears to be limited to a few fields, and practices within those fields are not well understood. This study examines perspectives on sharing neutron data collected at Oak Ridge National Laboratory's neutron sources. Operation at user facilities has traditionally focused on making data accessible to those who create them. The recent emphasis on open data is shifting the focus to ensure that the data produced are reusable by others. This mixed methods research study included a series of surveys and focus group interviews in which 13 data consumers, data managers, and data producers answered questions about their perspectives on sharing neutron data. Data consumers reported interest in reusing neutron data for comparison/verification of results against their own measurements and testing new theories using existing data. They also stressed the importance of establishing context for data, including how data are produced, how samples are prepared, units of measurement, and how temperatures are determined. Data managers expressed reservations about reusing others' data because they were not always sure if they could trust whether the people responsible for interpreting data did so correctly. Data producers described concerns about their data being misused, competing with other users, and over-reliance on data producers to understand data. We present the Consumers Managers Producers (CMP) Model for understanding the interplay of each group regarding data sharing. We conclude with policy and system recommendations and discuss directions for future research.
Introduction
Data sharing is a worldwide desideratum. Several community and policy as well as funder recommendations stress the importance of sharing and reusing data (Hodson & Molloy 2015) . Yet, a mix of various socio-technical barriers and policies inhibit people from sharing data across technologies, disciplines, and countries. In response to this challenge, the Research Data Alliance (RDA), a group comprising over 4,000 members from 110 countries, was formed to build the social and technical bridges that enable open sharing of data. In 2014, the RDA Europe produced a report entitled, The Data Harvest: How Sharing Research Data Can Yield Knowledge, Jobs, and Growth. The report advocates an international effort centering on seven actions (RDA Europe 2014: 6-7): 1) creating and implementing data plans, 2) promoting data literacy across society, from researchers to citizens, 3) developing incentives and grants for data sharing, 4) developing tools and practices to build trust and data-sharing, 5) supporting international collaboration, 6) thoughtful regulation, and 7) sustaining successful projects. These actions are all critically important because, "it isn't just the existence of … data that counts: it's the ability to share and re-use the data across disciplines and institutions and countries" (RDA Europe 2014: 10).
This study advances the seven actions that RDA recommends with research on data sharing perspectives and practices. Specifically, we examine perspectives on data reuse for data that require a substantial amount of federal funds to produce. We argue that the cost associated with creating data could be further justified if researchers within and across disciplines would be willing to share and reuse those data. A particularly interesting case are data collected at national user facilities, in the case of this study, data collected at the Spallation Neutron Source (SNS) and the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL). SNS and HFIR host over 3,000 users annually who collect neutron scattering data related to their own science projects. With the increasing amount of data generated by experimental user facilities and advanced materials modeling enabled by high performance computing, the value of neutron scattering data to scientists beyond those who initially produce the data is gaining attention. Experimental facilities such as SNS and HIFR are valuable and expensive science resources; the impact of the collected data can be significantly increased by reuse (Fienberg, Martin, & Straf 1985; Hodson & Molloy 2015; NAS 2009; RDA Europe 2014; RSSPC 2012; SI 2015) . According to several US national laboratories' user agreements, the user (i.e., the experimenter) owns the data they produce and is ultimately responsible for making them publicly available to comply with a recent executive order by the Obama administration (Obama, 2013) . As such, user facilities in the US are actively working with their user communities to help enable reuse of experimental data.
This mixed methods research study included a series of surveys and focus group interviews in which 13 data consumers, data managers, and data producers answered questions about their views on sharing neutron data. The research question guiding the study is: How do various classes of stakeholders (e.g., data consumers, data managers, and data producers) think about data sharing at an organization that has not typically focused on data reuse? This paper is structured as follows. First, we provide background on data sharing research, including barriers to data reuse that multiple researchers have identified. Second, we describe our mixed methods research design and approach to the study. Third, we discuss findings resulting from analysis of the survey and focus group data we collected. We also present a new model that we developed as a result of our data analysis, the Consumers Managers Producers (CMP) Model. The CMP Model illustrates the interaction of different classes of stakeholders regarding data sharing. Fourth, we discuss how our findings relate to the existing literature on data sharing, provide recommendations for facilitating data reuse at ORNL and similar institutions, and conclude by exploring directions for future research.
Background
For decades, scholars from across a broad variety of academic disciplines have written about the topic of data reuse. In fact, the possibility of data reuse has been hailed by some as offering "a vast potential for scientific progress," because with open data, new avenues of research can be explored and new questions asked. Reuse also provides the potential for reproducing research results, allowing those data to apply to new situations (Fecher, Friesike, & Hebing 2015: 1) . Yet, despite such enormous possibilities, there remain in some cases very significant barriers to reusing data (van Panhuis et al. 2014 ). Such problems are particularly acute in interdisciplinary research (Akers & Doty 2013) , and are of interest to governments seeking to maximize national investments in research infrastructure (Dallmeier-Tiessen et al. 2014) . In response to such tremendous interest in reuse of data, researchers have begun to study the reasons why the potential of data sharing has not yet been fully realized.
Literature within the field of data reuse is scattered among many different disciplines. For example, fields as diverse as information science, biology, medicine, public health, computer science, ecology, and geology have all investigated the barriers to sharing data both within particular disciplines and across disciplinary boundaries (Akers & Doty 2013; Coetzee 2015; Dallmeier-Tiessen et al. 2014; Duke & Porter 2013; Elwood 2008; Enke et al. 2012; Faniel, Kriesberg, & Yakel 2016; Federer et al. 2015; Hsu et al. 2015; McLure et al. 2014; Michener 2015; Nahar 2016; Pericas, Taura & Matsuoka 2014; Piwowar & Chapman 2010; Specht et al. 2015; van Panhuis et al. 2014; Wynholds et al. 2012) . Additionally, there has been increased interest in the problems associated with data reuse because of increased emphasis on issues related to "big data" (Jin et al. 2015; Lee & Kang 2015) . Overall, researchers who have studied obstacles to data reuse have identified three broad categories: social barriers, technical barriers, and legal barriers.
Social barriers, outlined in Table 1 , include all of the difficulties that result from humans working together. Examples include institutional blocks when universities and governmental bodies have differing agendas. Additionally, a social barrier might involve an instance when two different disciplines have problems communicating about similar data. Within the academic literature on data reuse, social barriers seem to be the most mentioned, and the most important. Particular subcategories of social barriers include disciplinary differences in creating data, a lack of incentive to share data, differences in quality of data for particular research purposes (e.g., one research question might need more or different data than for another research purpose), lack of education about best practices for creating data, different standards for data sharing by different academic journals, a lack of standards for peer review, misuse of research data, competing interests of researchers, and too much time required to share data. Some of these barriers such as lack of peer review and academic journal incentives are mentioned less frequently in our sample of the research literature (Cieri 2014; Hsu et al. 2015; Michener 2015; Piwowar & Chapman 2010; Treloar 2014; Wallis, Rolando & Borgman 2013; Wynholds et al. 2012) . In contrast, issues such as the lack of incentives seem to be mentioned more frequently, even when researchers come from very different disciplines (Cieri 2014; Coetzee 2015; Collins 1998; Dallmeier-Tiessen et al. 2014; Duke & Porter 2013; Enke et al. 2012; Fecher, Friesike, & Hebing 2015; Hsu et al. 2015; Michener 2015; Nahar 2016; Piwowar & Chapman 2010; Savage & Vickeers, 2009; Tenopir et al. 2015; Treloar 2014; van Panhuis et al. 2014) .
The second group of obstacles researchers have identified regarding data reuse are technical challenges. Technical difficulties include any kind of issue related to hardware, software, or other computer related problems that inhibit the free sharing of data. Subcategories of this larger set of barriers, outlined in Table 2 , include the lack of data storage and support services, difficulties with interoperability, lack of discoverability on websites or in online catalogs, an inability for researchers to control access to data (e.g., limiting it only to fellow researchers on their team or others within the discipline for instance), inconsistent citation standards, and lack of metadata guidelines for including data in online repositories. Some of these technical barriers such as inconsistent citation standards and lack of metadata guidelines complement the social barriers identified in Table 1 , for example, those regarding a lack of social standards developed for creating data. Yet, inconsistent citation standards and metadata guidelines are mentioned relatively rarely (e.g., Duke & Porter 2013; Hsu et al. 2015; Nahar 2016; Michener 2015; Specht et al. 2015; Wallis, Rolando & Borgman 2013; Wynholds et al. 2012 ) as compared to issues such as lack of data and support services (e.g., Akers & Doty 2013; Coetzee 2015; Fecher, Friesike, & Hebing 2015; Hsu et al. 2015; McLure et al. 2014; Michener 2015; Pepe et al. 2014; Pericas, Taura & Matsuoka 2014; Sayogo & Pardo 2013) which are mentioned quite frequently by researchers from many different disciplines. 
Issue

Literature Mentioned
Differences between disciplines in creating data Akers & Doty 2013; Cieri 2014; Collins 1998; Elwood 2008; Fecher, Friesike, & Hebing 2015; Federer et al. 2015; Hsu et al. 2015; Jin et al. 2015; Lee & Kang 2015; Michener 2015; Nahar 2016; SI 2015; Specht et al. 2015; Tenopir et al. 2015; Treloar 2014; van Panhuis et al. 2014; Wynholds et al. 2012 Lack of incentives to share or reuse data Cieri 2014; Coetzee 2015; Collins 1998; Dallmeier-Tiessen et al. 2014; Duke & Porter 2013; Enke et al. 2012; Fecher, Friesike, & Hebing 2015; Hsu et al. 2015; Michener 2015; Nahar 2016; NAS 2009; RSSPC 2012; Piwowar & Chapman 2010; Savage & Vickers, 2009; Tenopir et al. 2015; Treloar 2014; van Panhuis et al. 2014 Differences in quality of data for particular research purposes Lack of standards for peer review of data Hsu et al. 2015; Michener 2015; Wynholds et al. 2012 Misuse of research data Borgman 2012; Campbell et al. 2002; Hilgartner 1997; Hilgartner & Brandt-Rauf 1994; Savage & Vickers, 2009 Competing interests of researchers Borgman 2012; Campbell et al. 2002; National Research Council, 1997; Hilgartner & Brandt-Rauf 1994; Ure et al. 2009 Too much time required to share data Campbell et al. 2002; Fecher, Friesike, & Hebing 2015; Hilgartner & Brandt-Rauf 1994; NAS 2009; Savage & Vickers, 2009; van Panhuis et al. 2014 The group of barriers for data reuse mentioned least frequently relate to legal issues. These refer to any laws such as copyright, patent, or privacy that might inhibit the free sharing of data. By far, the most widely cited legal issue barrier to data sharing is the existence of differing government standards for archiving (Elwood 2008; Enke et al. 2012; Michener 2015; NAS 2009; Piwowar & Chapman 2010; Specht et al. 2015; Treloar 2014; Wallis, Rolando & Borgman 2013; Wicherts, Bakker, & Molenaar 2011) . Different government agencies might have different rules for submitting data to an online government sponsored repository, or different universities might have other requirements for depositing data in a repository sponsored by their universities. Additionally, the research does identify some other legal obstacles such as government requirements for privacy, and an inability to track down the original source of the data. Yet these challenges seem to be less prevalent overall than the issue of differing requirements for archiving. Table 3 outlines these legal obstacles to data reuse.
In all, social barriers to data reuse seem to be the most prevalent problem identified by academic researchers, followed by technical issues (some of which relate to the social barriers), and finally legal barriers. To understand what barriers to data reuse might exist in the neutron science community, we conducted a study to gain some insight into their perspectives on data sharing.
Methods
Our findings are drawn from data collected via surveys and focus groups conducted in July 2016 on site at Oak Ridge National Laboratory (ORNL) in Oak Ridge, TN, USA. We selected ORNL as our primary site of study for two main reasons. First, its Neutron Sciences Directorate (NScD) manages and operates the Spallation Neutron Source (SNS) and the High Flux Isotope Reactor (HFIR), two of the world's most advanced neutron scattering facilities. Second, staff at ORNL were interested in understanding potential barriers to data reuse and wanted to learn more about their stakeholders' views on the topic as an initial step forward. Staff at ONRL helped us to recruit participants for the study by forwarding a recruitment email that we prepared to individuals who lived in close proximity to ORNL. In total, 13 people participated: 3 data consumers, 5 data managers, and 5 data producers. We selected these data consumers, data managers, and data producers to gain an understanding of perspectives on sharing neutron data from a variety of different stakeholders. All participants answered general questions about the types of information they need to know about a dataset before using it, their recent experiences with using datasets, whether they have ever reused data created by others, and what, in their opinion, makes datasets trustworthy. All participants also answered demographics questions related to their research interests, their field and professional titles/roles, how long they have been at their current institutions, their years of experience using neutron data, their years of experience using ORNL facilities, and their frequency of using data made accessible by any ORNL facilities.
Although all of the surveys and focus groups centered on the topic of data sharing at ORNL, we used three different surveys and focus group protocols to include additional questions that were relevant to each class of stakeholders. For example, data consumers examined a data set in real time and were asked about whether they could reuse that dataset, and if so, for what purpose(s). Data consumers also discussed any barriers to reuse as well as whether they thought it was worth the effort to reuse the dataset. Survey and focus group questions for data managers focused on understanding the types of data sets they manage as well as what activities they perform on data for their management and how they thought those activities help enable reuse. Survey and focus group questions for data producers focused on why they produce data and the extent to which they thought their data could be used by others.
Each group took the surveys first and then participated in a focus group immediately afterwards. The purpose for this mixed-method research design was two-fold: 1) to give participants an opportunity to provide more detail and context for their survey responses, and 2) to compare the data collected from both data collection methods to determine whether the data triangulate, thus underscoring the validity of the data (Creswell 2015) . Finally, we conducted a joint focus group of data consumers, data managers, and data producers to discuss common issues related to data sharing. Surveys took approximately 15 minutes for respondents to complete; each focus group lasted approximately one to two hours. No incentives were provided for participation.
The data from the focus groups came in two forms: field notes and video recordings. A graduate student transcribed the video recordings. Afterwards, we compared the transcripts with our field notes to identify common themes and patterns. While there were too few survey participants to compute any inferential statistics, we analyzed the survey data by comparing participants' survey responses to their responses during the focus groups. The Indiana University Human Subjects Office approved this study (IRB Study #1605012591).
Findings
After briefly describing the study participants' demographic characteristics, this section provides details regarding data consumers', data managers', and data producers' perspectives on sharing neutron data.
Study Participants
Three data consumers, five data managers, and five data producers participated in this study. Table 4 enumerates participants by their demographic characteristics including their occupation, field, experience with using neutron data and ORNL facilities. The data consumers identified themselves as people who were interested in reusing data created by others. Of these three, one was a professor and two were research scientists. Their research interests ranged from condensed matter physics and the theory of magnetism of materials to soft matter physics. Two of the participants had over 10 years of experience with using neutron data; one participant had five to 10 years of experience with using neutron data. One had more than 10 years of experience using ORNL facilities, one had five to 10 years of experience, and one had less than one year of experience. Although everyone reported having an interest in data reuse, only one participant reported actually using someone else's data before.
The data managers identified themselves as people who add value to data created by others. Of these five, four were research scientists and one was a software engineer. Three described their field as government; one described his/her field as research. Two participants had worked at ORNL for more than 10 years, two for five to 10 years, and one for less than a year. Three participants had more than 10 years of experience with using neutron data, one participant had five to 10 years of experience using neutron data, and one participant had one to four years of experience. Three participants had five to 10 years of experience using ORNL facilities, one had more than 10 years of experience, and one had less than a year of experience. Four participants noted making use of ORNL data more than 50 times; one participant reported never having used data at ORNL.
The data producers' research interests ranged from molecular dynamics and structure in polymers and complex fluids, hard condensed matter physics, neutron total scattering studies of catalytic materials, and materials science, to mechanisms of heat transfer in thermoelectric materials and exotic coupling mechanisms in functional materials. Three were research scientists; two were post-doctoral fellows/researchers. All described themselves as government employees. Two had worked at their current institutions for over five years, three for one to four years, and one for less than a year. Two had more than 10 years of experience with using neutron data, two had five to 10 years of experience, and one had one to four years of experience. One had more than 10 years of experience with using facilities at ORNL, two had five to 10 years of experience, and two had one to four years of experience. All had used data made accessible via ORNL facilities more than 50 times.
Data Consumers Focus Group Findings
During focus groups centering on data consumers' perspectives on sharing neutron data, participants stressed the importance of creating and testing theoretical models. The main reason for reusing data is to test their models against existing data. To perform such tests, data consumers discussed information they needed to know about data that they were interested in reusing, such as how the materials were prepared and how the instruments were calibrated. Data consumers articulated the importance of journal articles, described barriers to reuse such as not knowing enough about a specific data set, and they expressed their desire for systems that could enable discoverability across data sets.
Reasons for Reusing Neutron Data
Participants reported interest in reusing neutron data for two main reasons: 1) To compare/verify a result against their own measurements. 2) To test a new theory using existing data.
Information Reusers Need to Know About Neutron Data
Participants mentioned the importance of establishing context for data. At ORNL, the data producers will help to prepare materials for testing, calibrate the instruments used to test the materials, and will record all of this information into individual log books. These logs are specific to the data producer, but may also be highly relevant if a researcher intends to go back at a later time to understand how samples were prepared and how the instrument was calibrated in order to measure specific properties. The data consumers who participated in this study reported wanting to know about these kinds of information. Specifically, they reported needing to know four things about any data set that they would consider reusing: 1) How the data were produced. 2) How the sample was prepared.
3) What the units of measurement are. 4) Details about experimental conditions and how they were determined (e.g., temperature).
The Importance of Journal Articles
Participants highlighted the importance of journal articles for reuse in two main respects. First, journal articles provided important context about the data that enabled participants to know if the data were of sufficient quality for reuse. Second, participants articulated interest in reproducing charts and graphs from previously published articles given publishers' approval.
Barriers to Reuse
Participants primarily reported technical barriers to reusing neutron data. For instance, data consumers reported not having the necessary expertise to utilize software needed to render the data that they otherwise would be interested in reusing.
Discoverability
Participants discussed the need for greater discoverability. They often would like to know what other measurements have been created related to particular scientific problems, or would be interested in pulling data with particular characteristics (e.g., temperature readings) to test against their models. Search capabilities across all data collected at ORNL neutron sources currently do not exist.
Data Managers Focus Group Findings
While none of the participants considered themselves as particularly involved with creation or consumption of data, they nevertheless had perspectives on data reuse that they were willing to share during the focus group. Generally speaking, they only trust data produced within their own lab, and often only coming from more "fastidious" researchers. Such researchers provide detailed notes on issues like temperature or how the instrument was calibrated.
The data managers expressed reservations about reusing others' data because one is not always sure whether the person reading the data at the point of their creation properly interpreted them. In particular, participants discussed how they manage different kinds of data both "raw" and "reduced." "Raw" data would include numbers coming off the machine without much context, and "reduced" data would help to contextualize those numbers in some meaningful way so that data could be interpreted by other researchers.
One participant said that getting data from a raw to a reduced state was "arty," meaning that a degree of intuition was needed to figure out what needed to be done. The initial data produced by neutron scattering instruments are a simple event list or histogram of neutron events detected after interacting with the sample of scientific interest. However, these representations of the raw data are not useful to the researchers who are carrying out the experiments or reusing the data. These raw data are reduced by averaging and combining signals, subtracting instrument background measurements and transforming data to scientific units common within a researcher's given science domain. These reduced data sets are used in further scientific analysis. The data managers who participated in this study argued that activities related to reducing data from their raw state, such as averaging and combining signals, subtracting instrument background measurements and transforming data to scientific units common within a researcher's given science domain, require intuition. Such intuition means that people at ORNL could easily trust data if they knew the source was from their own lab or from a known colleague, but they could not trust the intuition of people they did not know, because they felt they would be unable to assess whether those people had the expertise to determine what was necessary to move the data from a raw to a reduced form.
Data Producers Focus Group Findings
The data producers expressed similar concerns to both managers and consumers and expressed a need to understand the context of the data. They are primarily interested in comparing their data to other data that may have been gathered for similar experiments. For instance, if in an experiment they achieved a result that seems extremely strange, they want to see if there are others that have also seen similar results. If results are similar, then they have no reason to suspect that there are issues with the instrument or otherwise (e.g., insufficient calibration of the instrument, etc.). On the other hand, if they achieve results that are different from what others have achieved using similar instruments, they may need to go back and look at what they did to see if the instrument was calibrated properly or whether there may have been an issue with the sample that was used.
Data producers had particular concerns regarding data reuse, including the fear of misuse of their data by others, competition amongst other researchers with similar research interests, their role in facilitating data reuse, and the importance of creating metadata of sufficient quality to enable reuse.
The Fear of Their Data Being Misused
Participants discussed concerns about their data being misused, either inadvertently or intentionally. For example, some participants discussed past issues with other data producers who had been accused of incorrectly measuring phenomena. They also reported concerns about data consumers who are so obsessed with their own models that they might misuse others' data during reuse in order to better conform to their models.
Competition
Data producers discussed how research can be particularly competitive; they are often put into difficult positions when competing scientists use the same instruments to do slightly different, though complementary research. They worried about talking to potential data consumers about their data; for example, they worried that by discussing their data with potential data consumers they might give away information that could unduly advantage another researcher.
The Role of the Data Producer in Reuse
These data producers thought they would be needed in order to help other researchers understand their data. They said this based on prior experience where it was common for researchers within their own teams to come back to them and ask for help in understanding data that had been created at that lab years before. Given this, they believed it would be necessary for data consumers to interact with data producers in order to actually be able to reuse neutron data.
The Importance of Metadata
Data producers agreed that more metadata would be a benefit to data managers and consumers as well as to themselves. They also recognized that producing such metadata would be difficult. They discussed how much metadata are kept in log books, while acknowledging their inconsistency, even when they are managed by the same person. They felt that metadata collection should be as automated and easy as possible to reduce the burden on them when creating new datasets.
Joint Focus Group Findings
Discussion in the joint focus group with the data consumers, data managers, and data producers focused largely on metadata and greater discoverability. All parties agreed that there was a lack of metadata and that there need to be better ways of cataloging information about datasets as easily as possible (and if possible automatically). Participants also stressed that they needed better ways to access metadata which should not be tacit or in a person's brain but instead in a format that is readable by others. In cases where the format is not necessarily readable by all consumers, participants believed that it was important to create tools that could make the datasets more discoverable and accessible to everyone. Participants also discussed, though indirectly, how it was important to link publications to individual datasets because they felt it is easy to cite sources in a journal, but not elsewhere.
Finally, participants thought about ways in which data sharing would not only help others but could also influence their own research. Participants believed that data producers might be especially influenced by reusing others' data, including results that were "boring" in the sense that they did not discover anything new, but reconfirmed what others have seen. These data would be valuable to data producers because they would provide insight into how to (or not to) calibrate their instruments, or it could help them avoid conducting experiments that will not yield any new science.
We used the findings from focus groups with data consumers, data managers, and data producers to generate a workflow diagram for neutron data across each group, which we term the Consumers Managers Producers (CMP) Model (See Figure 1) . In Figure 1 , the blue boxes show the three types of users (data producers, data managers, and data consumers), and the blue arrows show the progress of the workflow between these groups. Similarly, the red boxes show the data types (raw data, reduced data, and modeled data), and the red arrows show the flow from one type of data to another. Each of these groups interacts with the data in particular ways, represented by the green arrows. This graph illustrates the interrelationships between data and their users at ORNL.
As shown in Figure 1 , data producers carry out the experiment and generate raw data (e.g., unprocessed numbers and descriptions) from which reduced data are constructed (e.g., a data set that was transformed into a representation relevant to the corresponding science domain). Data managers facilitate the data reduction step as well as tools needed to produce model data derived from theoretical materials models. Data consumers utilize modeled data to create research and scholarship demonstrating how materials function on an atomic level. We found this model helpful for understanding each group's relationship to neutron data as well as their perspectives on data and data sharing.
Discussion
Contributions to Research Literature on Data Reuse
This study makes three primary contributions to the research literature on data reuse. First, it underscores the value and importance of data reuse. Although many technical reports, guidelines, and recommendations exist which state that data reuse is important and valuable, not everyone is convinced that this is true, and even if they are, this does not mean that they themselves actually share or reuse data (Borgman 2015) . Studies with findings demonstrating the perceived importance of sharing data by actual scientists are still necessary to help convince different classes of stakeholders that creating and/or modifying existing policies and computing infrastructures to support data reuse is worth the investment and effort. Even though some neutron scientists share and reuse data, not all are convinced that they should. This study provides empirical support for the idea that the neutron scientists who participated in our study would reuse data if they had enough context to understand them, trusted their accuracy, and were able to use the appropriate tools to access the data. This is good news for the field of neutron science and for the field of scientific data reuse research in general.
Second, this study advances our understanding of barriers to data reuse by focusing on members of a scientific community that has been understudied with regard to their data reuse practices-neutron scientists. What we learn from this study and similar studies is not just identification of barriers to data reuse, but more importantly, how different scientific communities of practice experience these barriers. Gathering knowledge about how scientific researchers experience barriers to data reuse is an important first step in being able to mitigate or remove those barriers for the sake of enabling reuse.
Third, we propose a new framework for understanding the interplay among three different classes of stakeholders regarding data reuse, the Consumers Managers Producers (CMP) Model. The CMP Model illustrates the workflow of neutron data amongst data consumers, data managers, and data producers at ORNL. Future studies should test the extent to which the CMP Model applies to other neutron scientists besides those who participated in this study, as well as other scientific disciplines with similar classes of stakeholders.
We argue that this study is of potential benefit for any organization that is similar to ORNL. There are approximately 40 neutron science facilities worldwide (neutronsources.org 2012). Although a detailed account of these facilities' data management policies and other measures to foster data reuse and sharing is beyond the scope of this study, we argue that this paper offers a good starting point for some issues that could be important to consider when creating or modifying policies and technical infrastructures at ORNL and similar institutions to support data reuse. Overall, we recommend shifting focus from what we term traditional data use (where researchers use the data they produce) toward facilitating data reuse (where researchers utilize data produced by others). Based on the findings from this study, we propose the following policy and system recommendations to ORNL and similar institutions to help facilitate data reuse.
Policy Recommendations
Current access to experimental neutron data at SNS and HFIR is limited to the team conducting the experiment; however, a data management plan and development of a data portal facilitating data discovery and access is currently being developed for enabling reuse of neutron scattering data. The findings of this study provide critical input for developing, communicating and implementing this future data management policy at ORNL. We recommend that similar organizations put data management plans in place and develop data portals that can help facilitate data reuse. data and the interactions of data consumers, data managers, and data producers with data at various stages of production at Oak Ridge National Laboratory (ORNL). Users are represented in blue, data are represented in red, and interactions between users and data are represented in green.
System Recommendations
Systems that support sharing neutron data at ORNL and similar institutions should:
• Include comprehensive metadata about how the data were produced, how the sample was prepared, what the units of measurement are, and details about experimental conditions and how they were determined (e.g., temperature). • Link data to any publications based on or otherwise related to those data. • Link data to any software that was used to derive results, and • Make data more discoverable, for example, by allowing characteristics of data (e.g., temperature readings) to be searchable across data sets.
Analysis of Barriers to Data Reuse Identified in this Study as They Relate to Barriers Identified in the Research Literature on Data Reuse
Our findings provide empirical support for the relevance of barriers to data reuse that have been identified in prior empirical studies to the neutron scientists who participated in this study. According to Fecher, Friesike, and Hebing (2015) , research on data reuse has identified three broad categories of barriers encountered by researchers when they attempt to make available or utilize the data of other scientists. These include: social barriers (e.g., obstacles encountered because sharing of data might contravene community practices within certain academic fields), technical barriers (e.g., problems with computer systems, formatting of the data itself, or interoperability of data between different computer systems), and legal barriers (e.g., copyright or privacy laws that would prevent an investigator from openly sharing results). Furthermore, each of these three categories includes more specific subcategories. Table 5 provides a summary of each data reuse barrier category and subcategory along with an assigned number (1 through 18). Several, though not all, of the barriers mentioned in Table 5 were also discussed by staff at the SNS at ORNL. During the focus groups with data managers, data consumers, data producers, and a final "wrap-up" focus group with representatives from all three groups, participants focused largely on technical issues, but Table 6 shows which barriers to data reuse (identified using the numbers from Table 5 ) that members of the three focus groups (data managers, data producers, and data consumers) and the final "wrap-up" session mentioned during their focus groups. Table 7 looks at the same data as Table 6 , but organizes them in a different way. Rather than focusing on just which issues came up during the sessions, Table 7 shows which issues were common either to multiple groups, or were unique to a single group. Generally, Table 7 demonstrates that some of these barriers were discussed across groups while others were unique only to one group of stakeholders. Two barriers were discussed separately by all three groups (barriers 1 and 3). Two barriers were specifically mentioned only by data producers (barriers 5 and 10). Participants also discussed several barriers when they came together during the wrap-up session (including barrier 14, one that had not been discussed previously). In part, members of that focus group were reiterating what they had said during previous meetings. Nonetheless, what was discussed in the wrap-up session would also have been new information for some participants who were not present during the other focus group meetings.
Although our findings reflected the relevance of some barriers identified in the literature, there was less empirical support for the relevance of other barriers. For example, social barriers were quite prevalent, much the same way as they are in other disciplines. Additionally, technical barriers also appear to be quite prevalent. Legal barriers, at least for our study participants, do not seem to be particularly prevalent. This most likely has to do with the type of data our study participants were considering. Although ORNL collects a broad range of data (e.g., proprietary data collected by companies for a fee, export controlled data, etc.), our study participants answered questions about open research data that fall under President Barack Obama's executive order on open data (Obama 2013) . Since those data are required to be open, many legal restrictions that are typically associated with reuse do not apply here.
Among the social barriers mentioned by participants, barriers 1 (Differences between disciplines in creating data) and 3 (Differences in quality of data for particular research purposes) were common to all three groups, indicating a particularly important commonality among data managers, producers, and consumers. In contrast, barrier 5 (Journals incentivize different kinds of data sharing) was mentioned only by the data producers, perhaps indicating that this issue is either not recognized by the other groups, or perhaps is more 1, 3, 5, 7, 8, 9, 10, 11, 12 Data Consumers 1, 3, 11, 12, 14, 15 completely understood by those generating neutron data rather than by the other groups of stakeholders. Barriers 7 (Misuse of research data), 8 (Competing interests of researchers), and 9 (Too much time required to share data) were mentioned only by data producers. Notably, participants did not mention many of these social issues in the final wrap-up session. Perhaps this is because it was more comfortable for participants to talk about technical issues. At any rate, despite the fact that there were some issues common to all three groups, these issues were not discussed when representatives of all three groups were present. Perhaps not surprisingly, technical barriers were mentioned frequently. Barrier 11 (Difficulties with accessing data) seemed to be the most common and was mentioned by data managers, data producers, and in the wrap-up session. Barrier 15 (Lack of metadata guidelines) was also brought up relatively frequently by data managers, data consumers, and during the wrap-up meeting. Barrier 12 (Lack of discoverability) was the next most frequently mentioned technical issue by data producers and in the wrap-up session. Barriers 7 (Lack of data storage and support services) and 14 (Inconsistent citation standards) were mentioned only by data producers and in the wrap-up group. Interestingly, the wrap-up session provided a space for all of these stakeholders to mention common problems; for technical issues (more so than social issues), the wrap-up session provided a particularly fruitful way for all three groups to discuss common issues.
The primary limitation of this study is its sample size. Only 13 people participated. In addition, selection bias could be present in our sample because we recruited and selected participants based on our knowledge of individuals who fit the categories that we were interested in studying (i.e., data consumers, data managers, and data producers) as well as their proximity to ORNL; we selected individuals for our study who lived and worked nearby. While this recruitment strategy made it practically feasible to conduct the study, we acknowledge that the views of the participants may not reflect the perspectives of other data consumers, data managers, and data producers who use ORNL's neutron sources or manage data originating from ORNL's user facilities.
Conclusion
The results of this study underscore the value and importance of data reuse. They provide insight into how some members of the neutron science community perceive barriers to data reuse. We also present the Consumers Managers Producers (CMP) Model to explain the interplay among the data consumers, managers, and producers who participated in our study regarding data reuse. Future studies should consider the extent to which the CMP Model can characterize other fields of research. Will members of other scientific communities have similar attitudes about data sharing? In other words, does the structure and workflow that the CMP Model represents correspond to particular sets of barriers across different scientific disciplines? Candidates for this type of research include other scientific domains whose researchers depend on major research facilities to produce their data, such as astronomy and ocean science.
Future studies should also examine reuse of neutron data "in real time" to better understand what technical and social issues arise during the act of reuse. Results of such studies could be compared with the findings of this investigation and can also further inform the development of policies and systems designed to support sharing of neutron data.
